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Final state medium-induced gluon radiation in ultradense nuclear matter is examined and shown
to favor large angle emission when compared to vacuum bremsstrahlung due to the suppression of
collinear gluons. Perturbative expression for the contribution of its hadronic fragments to the back-
to-back particle correlations is derived. It is found that in the limit of large jet energy loss gluon
radiation determines the yield and angular distribution of |∆ϕ| ≥ pi
2
di-hadrons to high transverse
momenta pT2 of the associated particles. Clear transition from enhancement to suppression of
the away-side hadron correlations is established at moderate pT2 and its experimentally accessible
features are predicted versus the trigger particle momentum pT1 .
PACS numbers: 12.38.Bx,12.38.Mh,25.75.-q,25.75.Gz
The discovery of jet quenching [1] – the suppression
of large transverse momentum hadron production in nu-
clear collisions relative to the expectation from p+p reac-
tions scaled by the number of elementary nucleon-nucleon
interactions – is arguably the most exciting new result
from the Au+Au experimental program at the Relativis-
tic Heavy Ion Collider (RHIC). The phenomenon of jet
quenching has been established via the attenuation of the
single inclusive particle spectra [2] and the suppression of
the back-to-back di-hadron correlations [3, 4]. It has been
interpreted as critical evidence for large parton energy
loss [5, 6, 7] in ultradense quark-gluon plasma (QGP)
– the deconfined state of matter predicted by quantum
chromodynamics (QCD).
So far, the observable effects of the medium-induced
gluon radiation itself were considered to be modest.
For tagged jets, assuming thermalization of the lost en-
ergy calculated in [8], transport models predicted an in-
crease in the multiplicity of associated particles limited
to pT2 ≤ 500 MeV [9]. Using the angular gluon distri-
bution from [10], jet cone broadening was found to be
< 10% and challenging to detect experimentally even at
the CERN Large Hadron Collider (LHC) [11].
In this Letter we demonstrate that a mechanism, based
on the destructive interference of color currents from hard
and soft parton scattering, can ensure a broad (in an-
gle and frequency) final state medium-induced emission
spectrum in QCD. For large energy loss, perturbative
fragmentation of the radiative gluons is found to give
a dominant contribution to the yield of away-side di-
hadrons and to significantly alter their correlations at
transverse momenta much higher than naively antici-
pated.
We first recall that for hard perturbative scattering the
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radiative spectrum of real gluon emission for small and
moderate frequencies ω is given by [8]
dNgvac
dωd sin θ∗dδ
≈ CRαs
π2
1
ω sin θ∗
. (1)
In Eq. (1) θ∗ = arcsin(k⊥/ω) is the angle relative to
the jet axis, δ is the azimuthal cone angle (both illus-
trated in Fig. 1), αs is the strong coupling constant and
CR = 3 (4/3) for gluon (quark) jets, respectively. Vir-
tual gluon corrections remove the ω → 0 infrared singu-
larity in the cross sections in accord with the Kinoshita-
Lee-Nauenberg theorem [12] but the collinear θ∗ → 0
divergence has to be regulated or subtracted in the par-
ton distribution functions (PDFs) and the fragmentation
functions (FFs).
In contrast, the final state medium-induced
bremsstrahlung spectrum is both collinear and in-
frared safe. To first order in the mean number of soft
interactions in the plasma the Gyulassy-Levai-Vitev [8]
gluon distribution in angle and frequency reads:
dNgmed
dωd sin θ∗dδ
=
2CRαs
π2
∫ L
z0
d∆z
λg(z)
∫ ∞
0
dq⊥ q
2
⊥
1
σel
dσel
d2q⊥
(z)
×
∫ 2pi
0
dα
cosα
q2⊥ − 2q⊥ω sin θ∗ cosα+ ω2 sin2 θ∗
×
[
1− cos
(
(q2⊥ − 2q⊥ω sin θ∗ cosα+ ω2 sin2 θ∗)∆z
2ω
)]
.
(2)
In Eq. (2) α = 6 (~k⊥, ~q⊥), λg(z) is the position-dependent
gluon mean free path and L is the transverse size of the
medium. The momentum transfers ~q⊥ are distributed
according to the normalized elastic scattering cross sec-
tion σ−1el dσel(z)/d
2q⊥ = µ
2
D(z)π
−1(q2⊥ + µ
2
D(z))
−2. In
this model, 〈q2⊥〉 ∝ µ2D(z) and for a quark-gluon plasma
in local thermal equilibrium µ2D(z) ∼ 4παsT 2. For the
case of (1+1)D dynamical Bjorken expansion of the QGP
µD(z) = µD(z0) (z0/z)
1/3
, λg(z) = λg(z0) (z/z0)
1/3
[5, 6].
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FIG. 1: The angular distribution of medium-induced
bremsstrahlung of E = 6 GeV gluon jet for fixed values of
the radiative gluon energy ω = 0.5, 1, 2, 4 GeV. Top and bot-
tom panels represent (1+1)D Bjorken expanding medium of
transverse size L = 9 fm and L = 3 fm, respectively. In-
serts show 〈θ∗〉 versus ω. Right panels illustrate the gluon
spectrum and radiation intensity of E = 40 GeV gluon jet.
From Eq. (2) the gluon distribution is not only finite
when θ∗ → 0 but vanishes on average due to the uni-
form angular distribution of momentum transfers from
the medium,
∫ 2pi
0
dα cosα = 0. We have checked that
for physical gluons of k⊥ ≤ ω the cancellations discussed
here persist to all orders in the mean number of scat-
terings [8]. The small frequency and small angle spectral
behavior of dNgmed/dωd sin θ
∗dδ remains under perturba-
tive control. We also emphasize that destructive quan-
tum interference suppresses radiation of ∆z ≪ lf [8].
The induced radiation decouples from the jet at a scale
lf ∼ ∆z ∝ L/2 and facilitates hadronization outside of
the medium.
Given the vastly different angular behavior of the vac-
uum and the medium-induced gluon bremsstrahlung,
Eqs. (1) and (2), it is critical to identify the phase space
where cancellation of the color currents induced by the
hard and soft scattering occurs. We fix the parameters
of the medium in Eq. (2) to µD(z0) = 1.5 GeV and
λg(z0) = 0.75 fm at initial formation time z0 = 0.25 fm.
Since small frequency emission is suppressed, we use only
a moderate αs = 0.25. Triggering on high pT1 hadron
directs its parent parton “c” away from the medium
and places the collision point of the lowest order (LO)
ab→ cd underlying perturbative process [13] close to the
periphery of the nuclear overlap region. Then, it is the
back-scattered jet “d” that traverses the QGP. For large
nuclei, such as Au and Pb, path lengths L = 9 (3) fm
are used to illustrate central (peripheral) collisions, re-
spectively. We limit gluon emission to the forward jet
hemisphere, 0 ≤ θ∗ ≤ pi2 .
The angular distribution of medium-induced radiation
for E = 6 GeV gluon jet for select values of ω is shown
in the right panels of Fig. 1. We find that gluon emis-
sion is strongly suppressed within a cone of opening an-
gle θ∗ ≃ 0.25 rad due to the cancellation of collinear
bremsstrahlung – a mechanism different from a Gaus-
sian random walk in θ∗. The broad gluon distribution
can be characterized by the mean emission angle
〈θ∗〉 =
∫ 1
0
θ∗
dNgmed
dωd sin θ∗
d sin θ∗
[∫ 1
0
dNgmed
dωd sin θ∗
d sin θ∗
]−1
,
given in the inserts of Fig. 1. Left panels illustrate the
infrared safety property of the spectrum. Energy loss is
dominated by semihard few GeV gluons, see ωdNg/dω,
emitted at 〈θ∗〉 ∼ 0.5 rad.
Results reported in this Letter are important for the fu-
ture LHC heavy ion program since they for the first time
suggest a large, and therefore detectable, broadening of
the jet cone in the nuclear environment. Note that 〈θ∗〉
implies a redistribution of the energy flow even within
jets of large opening angle R =
√
∆η2 +∆φ2 = 1. At
present, however, a key question for perturbative QCD
phenomenology is whether the medium induced gluon
bremsstrahlung can significantly alter the di-hadron cor-
relations measured at RHIC [3, 4, 14]. We naturally focus
on the away-side |∆ϕ| ≥ pi2 case, where medium effects
are the largest. Nuclear modifications build upon the LO
double inclusive hadron production cross section, which
is calculable in the perturbative QCD factorization ap-
proach [15] if either of the hadrons is moderately hard
(pT1 or pT2 ≥ few GeV) [13, 16]:
dσh1h2NN
dy1dy2dpT1dpT2d∆ϕ
= K
∑
abcd
∫ 1
0
dz1
z1
Dh1/c(z1)
× [Dh2/d(z2)δ(∆ϕ − π)] φa/N (xa)φb/N (xb)xaxb S2
× 2πα2s|Mab→cd|2 . (3)
In Eq. (3) K = 2 is a next-to-leading order K-factor,
xa,b = pa,b/pNa,Nb are the momentum fractions of the in-
coming partons and z1,2 = ph1,h2/pc,d are the momentum
fractions of the hadronic fragments. We use standard
lowest order Gluck-Reya-Vogt PDFs [17] and Binnewies-
Kniehl-Kramer FFs [18]. Renormalization, factorization
and fragmentation scales are suppressed everywhere for
clarity. The spin (polarization) and color averaged ma-
trix elements |Mab→cd|2 are given in [13].
We shall first discuss the physical effects that alter
the LO perturbative formula, Eq. (3). A modification
that does not change the ∆ϕ-integrated cross section is
vacuum- and medium-induced acoplanarity. The devia-
tion of jets from being back-to-back in a plane perpen-
dicular to the collision axis arises from the soft gluon
radiation and transverse momentum diffusion in dense
30
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FIG. 2: Nuclear modification of the back-to-back di-hadron
correlations with and without the contribution of medium-
induced bremsstrahlung. Top and bottom panels illustrate
central and peripheral collisions, respectively. Data is from
STAR [4]. Right panels predict R
(2)
AA
for low and high pT1
hadron triggers.
nuclear matter [19]. In the approximation of collinear
fragmentation, the width of the away-side hadron-hadron
correlation function can be related to the accumulated
di-jet transverse momentum squared in the ϕ-plane,
sin
√
2
piσFar =
√
2
pi 〈k2T 〉ϕ/p⊥d . Assuming a Gaussian
form,
fvac. or med.(∆ϕ) = (
√
2πσFar)
−1 exp[−(∆ϕ−π)2/2σ2Far] ,
a good description of |∆ϕ| ≥ pi2 correlations measured
in elementary p+p collisions at
√
S = 200 GeV [7] re-
quires a large 〈k2T vac〉ϕ = 5 GeV2 for the di-jet pair with
away-side scattered quark (and a 2.25 larger value for a
scattered gluon). Additional broadening arises from the
interactions of the jet in the QGP that ultimately lead
to the reported energy loss. Using the parameters of the
medium for (1+1)D expansion we find
〈k2T hot〉 =
∫ L
z0
dz 2
µ2D(z)
λq,g(z)
= 2
µ2D(z0)
λq,g(z0)
ln
L
z0
, (4)
although only half is projected on the ϕ-plane, 〈k2T 〉ϕ =
〈k2T vac〉ϕ + 12 〈k2T hot〉.
Two competing mechanisms do, however, change the
pT2 dependence of the perturbative cross section, Eq. (3).
First is the the parent jet “d” fractional energy loss
ǫ = ∆Ed/Ed, which we here for simplicity consider on
average and evaluate by integrating Eq. (2). It leads to a
rescaling of the hadronic fragmentation momentum frac-
tion z2 → z2/(1 − ǫ) [5]. Physically, fewer high pT2 par-
ticles are produced by the attenuated parton of energy
Ed − ∆Ed. If the energy loss is large, a second mecha-
nism is invoked as a consequence. Hadronic fragments of
the radiative gluons will increase the probability of find-
ing low and moderate pT2 particles associated with the
interacting jet [9].
To calculate di-hadron correlations, we first map the
jet structure of a hard 900- scattered parton on rapid-
ity y ≈ η = − ln tan(θ/2) (θ being the angle relative
to the beam axis) and azimuth φ, tan2 θ∗ = cot2 θ +
tan2 φ , tan δ = −cot θ/tanφ. The approximately flat ra-
pidity distribution of the away-side jet near y2 = 0 can be
used to sum over all emission angles θ ∈ (θmin, θmax) ⊂
(0, π) yielding
dNgmed
dωdφ
=
θmax∫
θmin
dθ
[
dNgmed
dωd sin θ∗dδ
∣∣∣∣∂(sin θ
∗, δ)
∂(θ, φ)
∣∣∣∣
]
. (5)
The Jacobian of the transformation in Eq. (5) reads
∣∣∣∣∂(sin θ
∗, δ)
∂(θ, φ)
∣∣∣∣ = 1sin2 θ cos2 φ
(tan2 φ+ cot2 θ)−1/2
(1 + tan2 φ+ cot2 θ)3/2
.
It is critical to note that projection on a plane coinci-
dent with the jet cone axis (the φ-plane in Eq. (5) is
one example) efficiently masks the θ∗ → 0 void in the
angular distribution of medium-induced gluons reported
in Fig. 1. Our conclusion is independent of the physical
mechanism that depletes the parton (or particle) multi-
plicity in a cone around the jet axis and important for
the interpretation of the experimental data.
The end analytic result for the modification to Eq. (3)
per average nucleon-nucleon collision in the heavy ion
environment can be derived from the energy sum rule for
all hadronic fragments from the jet,
Dh2/d(z2)δ(∆ϕ − π) ⇒
1
1− ǫDh2/d
(
z2
1− ǫ
)
fmed.(∆ϕ) +
pT1
z1
∫ 1
0
dzg
zg
Dh2/g(zg)
×
∫ pi/2
−pi/2
dφ
dNgmed(φ)
dωdφ
fvac.(∆ϕ− φ) . (6)
Here, zg = pT2/ω.
Whether medium-induced gluon radiation may have
significant observable consequences for the large angle di-
hadron correlations depends on its relative contribution
to the ∆ϕ-integrated cross section. From Eq. (3) this can
be studied versus pT2 via the ratio [16]
R
(2)
AA =
dσh1h2AA /dy1dy2dpT1dpT2
〈N collAA 〉 dσh1h2NN /dy1dy2dpT1dpT2
, (7)
where the mean number of collisions 〈N collAA 〉 is estimated
from an optical Glauber model [2, 3]. Numerical re-
sults, shown in Fig. 2, correspond to triggering on a
high pT1 = 4 - 6 GeV pion and measuring all associated
π+ + π0 + π−. Depletion of hadrons from the quenched
parent parton alone leads to a large suppression of the
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FIG. 3: The angular distribution of |∆ϕ| ≥ pi
2
di-hadrons for
central and peripheral A+A collisions. Solid and dashed lines
give separately the contribution of the radiative gluons and the
attenuated parent parton. The lower right panel compares the
the width of the correlation function in p+p to the one of the
suppressed parent parton in central A+A reactions.
double inclusive cross section with weak pT2 dependence.
Hadronic feedback from the medium-induced gluon radi-
ation, however, completely changes the nuclear modifi-
cation factor R
(2)
AA. It now shows a clear transition from
a quenching of the away-side jet at high transverse mo-
menta to enhancement at pT2 ≤ 2 GeV, a scale signifi-
cantly larger than the one found in [9]. In fact, we have
checked that for large ∆Ed the back-to-back di-hadron
correlations are dominated by radiative gluons to unex-
pectedly high pT2 ∼ 10 GeV. STAR data in central and
peripheral Au+Au collisions [4] is shown for comparison.
Experimentally testable predictions for the shape and
magnitude of R
(2)
AA and the enhancement-to-suppression
transition R
(2)
AA = 1 versus pT1 are also given in Fig. 2.
It has been previously argued [20] that detailed balance
reduce jet suppression at partonic scales p⊥d ≤ few µD,
though such mechanism cannot produce enhancement of
the low transverse momentum particle production ob-
served in Fig. 2.
With a dominant contribution to the di-hadron yields,
the medium induced gluons are bound to also determine
the width of the correlation function. Two-particle dis-
tributions in A+A reactions, calculated from Eqs. (3)
and (6) for a pT1 = 6 GeV trigger pion and two dif-
ferent pT2 = 1, 4 GeV associated pions, are shown in
Fig. (3). Qualitatively, the medium-induced gluon com-
ponent to the cross section controls the growth of the
correlation width in central and semi-central nuclear col-
lisions. Quantitatively, the effect should be even larger
than the one estimated here, which is limited by the im-
posed 0 < θ∗ < pi2 constraint. The decisive role of the
bremsstrahlung spectrum, Eq. (2), in establishing the
∆ϕ-shape of away-side di-hadrons is further clarified in
the bottom right panel of Fig. 3. Hadronic fragments
from the quenched parton “d” only are shown to yield
a distribution that is not broader than the one antici-
pated in p+p reactions. Experimental measurements of
significantly enhanced widths for |∆ϕ| ≥ pi2 two-particle
correlation in A+A collisions should thus point to copi-
ous hadron production from medium-induced large angle
gluon emission.
In summary, we calculated the transverse momentum
and angular distribution of the away-side di-hadron cor-
relations in the framework of the perturbative QCD fac-
torization approach, augmented by inelastic jet interac-
tions in the quark-gluon plasma. At RHIC energies we
found that the medium-induced gluon radiation deter-
mines the two-particle yields and the width of their cor-
relation function to surprisingly high transverse momen-
tum pT2 ∼ 10 GeV. Clear transition from back-to-back
jet enhancement to back-to-back jet quenching is estab-
lished at moderate pT2 = 1− 3 GeV, independent of col-
lision centrality but sensitive to the trigger hadron mo-
mentum pT1 . Definitive experimental determination of
its features, predicted in this Letter, will for the first time
provide a handle on the differential spectrum of medium-
induced non-Abelian bremsstrahlung. Coincidental con-
firmation of large broadening of the away-side di-hadrons
would require a critical reassessment of the origin of in-
termediate transverse momentum particles in central and
semi-central nuclear collisions. For jet physics studies at
the LHC, our findings ensure a measurable increase in
the jet width in ultradense nuclear matter.
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